Abstract-The number of grey levels, G, contained in a digitized image of an external event must affect the fidelity of reproduction of that event for physical reasons. The question arises as to whether there is a separate perceptual effect of G. Three experiments are described which investigate the effect of G on the visibility of a straight-line signal in visual noise using a signal detection analysis to separate the physical and perceptual effects of G. The results show that, for the type of displays employed, and for the specific task of detection of lines in visual noise, there was no effect of G on efficiency, which suggests that G had no separate perceptual effect.
INTRODUCTION
There is a wide range of applications in which external events such as visual scenes, body scans and underwater sounds are recorded digitally and then displayed as 2-D visual representations on a VDU. Often an operator is required to detect or recognize a target shape in the output display and it is the responsibility of the engineer designing the system to design it in such a way as to maximize the visibility of such target shapes. The psychophysical investigation of digital displays can provide useful information to the engineer concerning the effect of various display parameters on operator performance, as well as theoretical information about the mechanics of visual processing. This paper attempts to do both in an investigation of the effect of one important parameter, the number of grey levels, or luminances, in the display, for a particular class of display consisting of a simple line signal in visual noise. The number of grey levels, G, in digital displays must affect image quality for purely physical reasons. Consider as an example the digitized image (the output) of a photograph of a visual scene (the input). Here, both the input and output consist of luminance variation across 2-D space. Those areas on the photograph whose luminance falls within a specified range are allocated a single grey level value in the output image, a process commonly known as 'binning' or 'quantization'. Clearly, if a large number of grey levels is available for the output image, the size of each luminance range in the input for which a single grey level is subsequently allocated in the output need be relatively small. Conversely, if only a few grey levels are available in the output then the size of each luminance range in the input will be relatively large. The result is that with a large-G display, the low contrast detail of the photograph (that is detail defined by relatively small luminance variation) will be faithfully preserved in the output along, of course, with high contrast detail (that with relatively large luminance variation). In other words, the digitized image will `look like' its original. On the other hand, with small-G displays, while high contrast detail will be preserved, much low contrast detail will be 'thresholded out' by the quantization process and the display image will appear as a relatively crude replica of the original. In the limit, where G = 2, regions in the output image will be either black or white with no gradations of luminance in between. Whatever the size of G, of course, there will inevitably be some physical degradation of the output image compared to the original.
The mathematical relationship between G and the relative physical degradation of digital images compared with their originals has received some attention in the display engineering literature (Rosenfeld and Kak, 1982, pp. 108-l l s). There have also been studies which have measured the perceptual quality of a display relative to its original as a function of G. Huang et al. (1967) asked subjects to rank images in order of subjective quality as a function of both G and spatial resolution (pixel size). They constructed 'isopreference' curves for images with the same quality and found a trade-off between number of grey levels and spatial resolution. Cowlishaw (1985) has argued that for good image quality G need not exceed 16 for monochrome images at normal resolutions, an amount which he argues fits well with what would be predicted from known psychophysical laws. In other words, a consideration of image quality must take into account two factors. One is the physical effect of quantization, which may be expressed purely in mathematical terms without reference to the observer, and the other is the perceptual effect which depends upon the properties of the observer's visual
system.
An understanding of the nature of the contribution of both physical and perceptual factors to the relationship between G and image quality requires an experimental paradigm in which both can be measured precisely. This study aims to do this by using a class of display whose luminance parameters are precisely measurable and where the task of the subject is one of target detection, rather than subjective assessment. Our displays consist of a background of computer-generated random visual noise with various G, within which is a simple straight line signal, of higher luminance than its background, that the subject is required to detect. We emphasize that our findings and conclusions apply to this particular type of signal which is of the very simplest kind and which may not be processed in the same way as more complex signals. The experiments described here do not therefore address the issue of the effect of the number of grey levels on the detection of complex signals such as those found in representational images e.g., photographs of real scenes.
We shall describe three experiments. The first two address the issue of the effect of G on signal detectability at the display surface. For these experiments the display luminance parameters, i.e. the luminance distribution, mean luminance of background, contrast of background and signal strength, are all set to be as similar as possible for the various G conditions. In these experiments we deliberately bypass the physical effects of quantizing an input image and concentrate solely upon the properties of the output image and their effects on signal detection. The third experiment, on the other hand, was designed to simulate in the output display what would have occurred if an input event consisting of a signal in noise was quantized into various G and then displayed.
EXPERIMENT 1 '
Method , General characteristics of the displays. The stimuli were generated using a Supervisor
